INTRODUCTION
. A ground electrode was placed over the upper arm. Single MU activity was filtered (band-131 pass 30-5,000 Hz) and amplified (×3,000-10,000) with an isolated pre-amplifier and head stage 132
Experiment 1. 158
Subjects performed four trials. In the first trial, subjects produced an isometric elbow 159 extension contraction with the target MU at the previously identified target rate. On the monitor, 160 10 s of instantaneous discharge rate data was continuously visible. The vertical scale of the display 161 was 0-20 Hz, and there were two horizontal markers that indicated a band ± 0.5 Hz above and 162 below the target discharge rate (Fig. 1A, B ). Subjects were asked to maintain the instantaneous 163 discharge rate of the target MU as precisely as possible within this target band. As subjects held the 164 discharge rate for a few minutes, the overall amount of triceps brachii muscle sEMG activity 165 increased and additional MUs appeared in the intramuscular recording. Subjects maintained the 166 discharge rate of the target MU until instructed to stop. This instruction was given when the 167 amplitude of rectified sEMG reached 2 times that at baseline or when the target MU could no 168 longer be tracked reliably with the window discriminator, which sometimes occurred before sEMG 169 amplitude doubled. The baseline, or start period, was defined as the initial 15 s of the trial when the 170 target discharge rate was first reached. After subjects stopped their contraction, they were instructed 171 to remain completely relaxed for a preset duration (30, 60, 120 or 240 s) . Then, subjects resumed 172 their contraction for an additional 30 s with the same target discharge rate of the target MU. 173
Subjects then stopped the recovery contraction and had a 10 min rest before the start of the next 174 trial. Each subsequent trial was performed in the same manner except that the duration of sustained 175 contractions was set to the duration of the first trial. In most subjects the increase in sEMG 176 amplitude in these subsequent trials was comparable to the increase in the first trial. Across the four 177 trials, the duration of rest period between the sustained contraction and the subsequent recovery 178 contraction (i.e. 30, 60, 120 and 240 s) were randomized across subjects. Once all trials were 179 completed, subjects performed two brief maximal voluntary contractions (MVCs; 4-5 s, separatedSubjects performed three trials identical to those in experiment 1 with the exception that the 183 relaxation periods were 1-2, 15 and 30 s. Once the target MU was identified, but before the 5-min 184 rest period that preceded the first trial, subjects were asked to practice the 1-2 s relaxation period 185 several times. It was important that subjects completely relax their triceps brachii muscle after the 186 sustained contraction and then quickly resume the isometric contraction with the same discharge 187 rate of the target MU. Across the three trials, the relaxation periods between the prolonged 188 sustained contraction and the subsequent recovery contraction (i.e. after rest periods of 1-2, 15 and 189 30 s) were randomized across subjects. Similar to experiment 1, subjects performed two brief 190 isometric MVCs of the elbow extensor muscles after all trials were completed. 191
Data analysis. 192
For each trial, action potentials from the target MU were extracted with Spike2 software 193 (Cambridge Electronic Design, Cambridge, UK). The algorithm identified MUs on the basis of size, 194 shape, and timing. The discharge times of the target MU were manually reviewed to include 195 unmatched action potentials and solve for instances in which two MU discharges were 196 superimposed. Spike times were compared to recorded digital triggers from the window 197 discriminator to ensure subjects were provided with accurate visual and audio feedback during the 198 experiment. Once sorted, MU action potentials and discharge times from the target MU, as well as 199 sEMG signals from the triceps brachii muscle were exported to Matlab (Mathworks, Natick, MA) 200 for further analysis. 201
For each trial, mean sEMG signal was removed and then the signal was filtered (4 th order, 202 40-450 Hz band-pass, zero-lag Butterworth) and rectified. The 400 ms window with the largest 203 amplitude of rectified sEMG was determined across MVC trials and this value was used to 204 normalize the rectified sEMG of sustained contraction trials. Next, for each trial, three 15 s periods 205 contraction, the end period was the final 15 s of the sustained contraction, and the recovery period 207 was the initial 15 s when the isometric contraction was resumed after the relaxation period. We 208 calculated the mean rectified sEMG amplitude in each of the start, end and recovery periods. 209
Additional measures were also calculated to determine whether the time-course of MU 210 recovery was associated with characteristics of the sustained contractions or MU discharge activity. 211
First, contraction duration and total MU discharge count were determined for each sustained 212 contraction. Second, the mean discharge rate and the spike-to-spike variability (i.e. interspike 213 interval coefficient of variation) of the target MU was determined for the start period of each trial. 214
Spike-to-spike variability was used because it tends to be greater when MUs are active closer to 215 their recruitment threshold, and MUs active closer to this recruitment threshold may undergo less 216 intrinsic motoneuron fatigue with sustained activity (Riley et al. 2008) . 217
To confirm that the increase in sEMG amplitude during sustained contractions was associated 218 with an increase in excitatory neural drive to the motoneuron pool of the elbow extensors, we 219 measured the number of active MUs (action potential peak-to-peak amplitude > 20 μV) in the start 220 and end periods of each trial. The number of recorded MUs was also determined for the recovery 221 period of each trial to determine whether this measure of neural drive followed the same general 222 pattern as sEMG amplitude. Because a change in the electrical properties of active muscle fibres 223 can also lead to an increase in sEMG amplitude (Farina et al. 2004 ), we measured the MU action 224 potential characteristic that best reflects these changes, namely, MU action potential duration 225 (Fuglevand et al. 1989; Keenan et al. 2005) . The average width of the action potential associated 226 with the target MU was determined for the start and end periods of each trial. 227
Statistical analysis. 228
Descriptive parametric statistics (mean, 95% CI) and non-parametric statistics (median, inter-229 quartile range) were calculated to summarize group results and generate figures. One-way repeatedspike-to-spike variability, and sEMG amplitude across the start periods of the trials, and to verify 232 there were no differences in the total number of MU discharges, the duration of sustained 233 contractions and end : start sEMG ratio values across the sustained contractions for each trial. For 234 these analyses, data from experiment 1 and experiment 2 were analyzed separately. One-sample 235 t-tests were also used to determine whether differences in mean discharge rate between the start and 236 recovery periods of each trial from experiment 1 and experiment 2 were significantly different from 237 zero. This analysis was done to verify that the mean discharge rate of the target MU was similar in 238 the start and recovery periods. 239
Ratios were calculated between mean rectified sEMG in the recovery and start periods 240 (recovery : start). A ratio of 1.0 indicates that the mean rectified EMG amplitude was identical in 241 the recovery and start periods. A ratio > 1.0 indicates that mean rectified EMG amplitude was 242 greater in the recovery period compared to the start period (i.e., greater excitatory neural drive 243 required to maintain the same discharge rate), whereas a ratio < 1.0 indicates that mean rectified 244 EMG amplitude was greater in the start period. For each trial, a one-sample t-test was used to 245 determine whether the ratio value was significantly different from 1.0. The same statistical analyses 246 were performed for experiment 1 and experiment 2. 247 Double exponential decay functions have previously been used to model the time-course of 248 spike-frequency adaptation (Sawczuck et al. 1995; Speilmann et al. 1993) . It was not possible to 249 capture the earliest motoneuron recovery (< 1 s), thus the time-course of motoneuron recovery was 250 likely to be best described by a single exponential decay function. The ratio of recovery : start 251 sEMG amplitude from experiment 1 and experiment 2 were combined and the best fit single 252 exponential function was determined: 253 EMG amplitude ratio = ratio 240 + K * exp(-t / τ) 254 where ratio 240 is the ratio of recovery : start sEMG amplitude for the 240 s rest trial, K is theCorrelation analysis was used to investigate the possible relationship between the ratio of 258 recovery : start sEMG amplitude and characteristics of the sustained contractions or discharge 259 activity of the target MU, including the length of the sustained contraction, the number of MU 260 discharges during the sustained contraction, mean MU discharge rate, MU spike-to-spike 261 variability, and the ratio of end : start sEMG amplitude. Pearson product-moment correlation 262 coefficients were calculated for each trial (i.e. 1-2 s to 240 s rest periods). Data from the 30 s rest 263 trials from experiment 1 and experiment 2 were pooled for this analysis. A Bonferroni correction 264 was applied to the level of significance of these correlation analyses to account for the multiple use 265 of the recovery : start sEMG ratio. The R statistical language (version 3.2.1) was used to perform 266 statistical analyses. All statistical tests were two-tailed with the level of significance set at α = 0.05. 267
RESULTS

268
Activity from single MUs was recorded as subjects performed 3-4 sustained low-intensity 269 contraction trials. Across subjects, discharge activity of the target MU was recorded over a period 270 of 40-60 min. Rectified sEMG amplitude increased in all sustained contractions and was 271 accompanied by the recruitment of additional MUs in intramuscular recordings. Activity in 20 MUs 272 was recorded in experiment 1 and 10 MUs in experiment 2. There was no difference in mean MU 273 discharge rate or mean sEMG amplitude between the start periods of experiment 1 or 2 (Table 1) . 274
There was also no difference in contraction duration, overall number of MU discharges or 275 magnitude of the increase in sEMG amplitude during sustained contractions of experiment 1 or 2 276 (Table 1 ). There was an ~ 2-fold increase in sEMG amplitude over the course of the sustained 277 contractions, which corresponded to a mean increase from 2.6 to 5.1 % MVC sEMG amplitude. The 278 main result of the present study is visible in the time-series data of individual subjects from 279 experiment 1 (Fig. 2 ) and experiment 2 (Fig. 3) . The instantaneous discharge rate traces confirmthat both subjects maintained relatively stable discharge rates of the target MU throughout each 281 trial. Nevertheless, there was a gradual increase in sEMG activity during the course of the sustained 282
contractions. This increase corresponded to an ~ 2-fold increase in sEMG amplitude by the end 283 period of each trial. For the illustrated subject from experiment 1, rest periods of 240 and 120 s led 284 to a return of sEMG amplitudes to levels comparable to those observed in the start periods (Fig. 2C,  285 D). In comparison, for the same discharge rate of the target MU, sEMG amplitude was increased 286 when the isometric contraction was resumed after rest periods of 60 and 30 s ( Fig. 2A, B) . The three 287 trials from a single subject from experiment 2 are presented in Fig. 3 . As in the previous example, 288 sEMG amplitude was increased compared to start levels when the isometric contraction was 289 resumed after a rest period of 30 s (Fig. 3C ). The increase in sEMG amplitude in the recovery 290 period was more pronounced as the duration of the rest period decreased to 15 and 1-2 s, 291 (Fig. 3A, B) . 292
Although there was no difference in the mean discharge rate of the target MU between the 293 start and recovery periods of all trials (Table 1) , the resumption of the isometric contraction was 294 accompanied by greater sEMG when rest periods were 60 s or less. In experiment 1, recovery : start 295 sEMG ratios were not significantly different from 1.0 when rest periods were 240 s (t 19 = -0.38, 296 p = 0.712) and 120 s (t 19 = -0.968, p = 0.345; Fig. 4A ). However, ratio values were significantly 297 increased when rest periods were 60 s (t 19 = 2.24, p = 0.038) and 30s (t 19 = -3.6, p = 0.002). In 298 experiment 2, the 30 s rest period was also associated with recovery : start sEMG ratios that were 299 significantly greater than 1.0 (t 9 = -9.09, p < 0.001). Similarly, ratio values were significantly 300 increased when rest periods were 15s (t 9 = -4.17, p = 0.002) and 1-2 s (t 9 = -11.5, p < 0.001; 301 The pattern of positive correlations indicates that, irrespective of the duration of the rest period, 318
MUs associated with larger increases in sEMG amplitude during sustained contractions tended to 319 also be associated with larger amplitude sEMG signals when contractions were resumed. 320
We used sEMG to estimate the amount of synaptic input to the target MU. As shown in the 321 sample data in Fig. 5 , the increase in sEMG amplitude during a sustained contraction was 322 accompanied by progressive recruitment of additional MUs. Across subjects, there was an increase 323 in the number of MUs recorded from fine-wire electrodes over the course of the sustained 324 contractions (see Fig. 6 ). Overall, the median number of recorded MUs was 1 [inter-quartile 325 range: 1, 3] at the start of the sustained contractions; this value increased to 3.5 [3, 5] by the end of 326 the contractions. Additionally, the number of active MUs recorded from fine-wire electrodes in the 327 recovery period of each trial was in line with the recovery time-course found using recovery : start 328 sEMG ratios (see Fig. 6 ). Specifically, the median number of recorded MUs was 4 following a brief 329 1-2 s rest period; this value decreased to 2 MUs for rest periods of 15-60 s and1-1.5 MUs for rest derive the precise time-course of recovery, the drive required by these motoneurons to resume their 340 activity at the same discharge rate was determined at several times after the sustained contraction. 341
Results indicate that motoneuron excitability recovers exponentially over time, with more than half 342 the recovery occurring in the first minute and full recovery taking more than 240 s. Despite the 343 minimal muscle fatigue associated with weak contractions such as these performed here 344 (< 10% MVC), there is a gradual decline and slow recovery of motoneuron excitability. This is 345 likely an ongoing process in all active motoneurons. 346
We have interpreted an increase in sEMG as an increase in excitatory drive to the motoneuron 347 pool of the investigated muscle. As was recently concluded, sEMG can serve as a useful 348 approximation of the amplitude of the neural or synaptic drive to muscle in certain controlled 349 conditions (Enoka and Duchateau, 2015) . The quasi-linear relationship, for fresh muscle, between 350 sEMG amplitude and voluntary isometric force, which is in turn correlated with voluntary 351 activation, suggests that sEMG reflects the level of recruitment and firing of motoneurons within a 352 pool (e.g. Bélanger and McComas, 1981; Lawrence and De Luca 1983; Milner-Brown and 353 Stein1975; Patla et al. 1982; Perry and Bekey, 1981) . As MU activity depends on the level of net 354 excitatory input to the motoneurons, sEMG acts as an indirect index of excitatory drive. Theamplitude of sEMG is also influenced by the electrical properties of the active muscle fibres (Farina 356 et al. 2010 (Farina 356 et al. , 2014 Hicks et al. 1989; Vandervoort et al. 1983 ). Here, we noted an ~8% increase in 357 MU action potential duration over the course of the sustained contractions. While some simulation 358 studies have shown that increased MU action potential duration in 50% MVCs can cause greater 359 signal cancellation and thus result in lower amplitude sEMG (Keenan et al. 2005) , others have 360 found that increased MU action potential duration in 30-80% MVCs lead to an increase in sEMG 361 amplitude (Fuglevand et al. 1989 ). However, from these studies we suggest that the effects of MU 362 action potential duration are likely to be minimal at the very low contraction intensities used here. 363 Also, repetitive contractions can cause a progressive increase in the amplitude of electrically 364 induced M-waves (Hicks et al. 1989; Vandervoort et al. 1983 ), but only during contractions above 365 ~ 75% MVC (Vandervoort et al. 1983 ). On the other hand, the number of active MUs recorded 366 from our indwelling fine-wire electrodes increased by the end of the sustained contractions. This 367 recruitment of additional MUs is strong evidence that the increase in sEMG reflects an increase in 368 neural drive that has occurred over the course of the sustained contractions and continues in some of 369 the recovery contractions. 370
The increase in sEMG in our study with sustained activation of a MU at a constant rate is 371 consistent with previous studies in a variety of muscles of both high and low intensity submaximal 372 voluntary contractions, in which increases in sEMG were seen at the same time as MU firing rates 373 decreased or were held steady (Garland et al. 1994; De Luca et al. 1996; Carpentier et al. 2001; 374 Adam and De Luca, 2003, 2005; Johnson et al. 2004; Riley et al. 2008; Manning et al. 2010) . 375 However, the mechanism for the decline in excitability of active motoneurons relative to other 376 motoneurons in the pool is uncertain. While possibilities include changes in afferent input, 377 neuromodulatory input, or changes in intrinsic properties of the motoneuron, afferent and 378 neuromodulatory inputs are unlikely to be targeted to one motoneuron over others in the same pool. 379
Hence, an alteration in intrinsic properties that depends on the repetitive activation of the 380 from these intrinsic changes. In reduced animal preparations, injection of a constant-current into the 383 motoneuron soma initially causes a high discharge rate, which rapidly declines and is followed by a 384 more gradual decline that persists up to minutes (Granit et al. 1963; Kernell 1972; Kernell and 385 Monster 1982; Sawczuk et al. 1995) . A similar time-course occurs for extracellular stimulation of 386 cat medial gastrocnemius motoneurons (Spielmann et al. 1993) . These authors also noted that 387 despite a 24% decrease in discharge rate over time, nearly all slow-type motoneurons discharged for 388 the entire 240 s stimulation, which underscores the slow 'late' phase of spike-frequency adaptation. 389
Given the duration and intensity of sustained contractions in the present study, mechanisms 390 involved in this late adaptation are particularly germane to our results. These include (i) increased 391 conductance decay time related to Ca The current study shows that the time-course of motoneuron recovery was exponential, with a 401 time constant of 28 s. Thus, after a low-intensity sustained contraction, 63% of the recovery occurs 402 within ~30 s, after which recovery is considerably slower. While the amplitude of the sEMG 403 recovery : start ratios were significantly increased for rest periods of 60 s or less, the modelled 404 recovery revealed ratios > 1.0 across all time points, which indicates full recovery may take severalrest period compared to the second half (Bawa et al. 2006; Bawa and Murnaghan 2009; Manning et 408 al. 2010 ). This timeline is compatible with the exponential time-course reported in the present 409 study. Nevertheless, there is currently no evidence to indicate that when MUs are derecruited 410 during sustained low-intensity contractions, they may be re-recruited only after the decline in 411 excitability has recovered; this warrants further investigation. 412
Spike-frequency adaptation is greater in larger motoneurons and is related to the higher 413 discharge rates and total spike counts (Kernell and Monster 1982; Spielmann et al. 1993) . Thus, the 414 total amount of motoneuron activity in the present study could have influenced the time-course of 415 recovery. However, Spielmann and colleagues (1993) did not observe an effect of discharge rate or 416 count on spike-frequency adaptation in slow-type motoneurons, which are the type likely recorded 417 in the present study. In line with these results, we found no association between MU recovery and 418 measures of activity (e.g. discharge rate, contraction duration or start period ISI variability). In 419 contrast, sEMG recovery : start ratios were positively correlated with end : start sEMG ratios. Based 420 on our sample of 30 MUs, the motoneurons that have undergone the greatest reduction in 421 excitability over the course of a sustained contraction will also be those that have recovered the 422 least at given times after the contraction has stopped. 423
It is likely that activity dependent changes in intrinsic motoneuron properties play an 424 important role in muscle fatigue (McNeil et al. 2009 (McNeil et al. , 2011a . During strong sustained 425 contractions, reduction in excitability of individual active motoneurons may contribute to motor 426 unit slowing and cessation of firing, and therefore decrease force production. In prolonged weak 427 contractions, similar effects on the active motoneurons may lead to rotation of activity between 428
MUs, and may require extra voluntary drive to maintain performance. The current findings indicate 429 that once reduced excitability has developed, a rest of 30 s is not sufficient to allow full recovery of 430
In conclusion, the present study has confirmed that the motoneurons active in low-intensity 432 sustained contractions experience a progressive decline in excitability. Importantly, we have 433 discovered that the time-course of recovery from this type of decline in motoneuron excitability is 434 best fitted by an exponential decay in which ~63% of the recovery of motoneuron excitability 435 occurs within 30 s, with full recovery taking more than 240 s. This finding is consistent with the 436 long recovery periods of previously active MUs to be re-recruited and may contribute to the 437 disproportionate increase in effort that occurs in weak constant-force contractions that are sustained 438 for tens of minutes (Smith et al. 2007; Søgaard et al. 2006) and to perceived fatigue that occurs in 439 diseases such as stroke, multiple sclerosis and chronic fatigue syndrome. 440 and after the various rest periods when the subject resumed the contraction. Note the stable 555 discharge rate within and between trials. When the subject resumed the isometric contraction, 556 sEMG amplitude was similar to the start period after the 240 s and 120 s rest periods, whereas it 557 was increased after the 60 s and 30 s rest periods. Start and recovery period rectified sEMG is 558 shown on the right; white lines and black arrows indicate mean sEMG amplitude for these periods. 559 Figure 3 . Individual subject data from experiment 2. Rectified surface electromyography (sEMG) 560 and motor unit (MU) instantaneous discharge rate data from all three trials from a typical subject. 561
The gradual increase in sEMG amplitude over the course of the sustained contraction is visible 562 between the start and end periods of each of trial: 1-2 s rest period (A), 15 s rest period (B), and 30 s 563 rest period (C). The white rectangles in each prolonged sEMG trace indicate the start, end and 564 recovery periods, each 15 s in duration, measured for each trial. Below each sEMG trace is theinstantaneous discharge of the target MU during the sustained contraction and after the various rest 566 periods when the subject resumed the contraction. Note the stable discharge rate within and 567 between trials. When the subject resumed the isometric contraction, sEMG amplitude was greater in 568 the recovery period compared to the start period for all three trials, especially for shorter rest 569 periods. Start and recovery period rectified sEMG is shown on the right; white lines and black 570 arrows indicate mean sEMG amplitude for these periods. 571 indicates that the modelled increase in sEMG recovery : start ratio at 1-2 s is reduced by 63% after 581 27.8 s. ratio240 is the ratio of recovery : start sEMG for the 240 s rest trial. 582 recorded in the recovery period of each trial grossly mirrored the exponential decay observed for 600 the recovery : start sEMG ratio. Following a 1-2 s rest period, the median number of active MUs 601 remained at 4. However, this number decreased to 2 MUs after rest periods of 15-60 s, and it 602 returned to baseline for rest periods of 120-240 s. Data from experiment 1 (Exp 1) and experiment 2 (Exp 2) of calculated differences across trials for mean discharge rate, interspike interval coefficient 4 of variation (ISI COV) surface EMG (sEMG) amplitude, sustained contraction duration, number of motor unit discharges, and end : start sEMG ratio. 5
The mean discharge rate of the target motor unit did not differ between the start and recovery periods. All values are mean [95% CI]. 
